Two sets of neutral beam injectors (NBI-1 and NBI-2) have been mounted on the EAST tokamak since 2014. NBI-1 and NBI-2 are co-direction and counter-direction, respectively. As with indepth physics and engineering study of EAST, the ability of long pulse beam injection should be required in the NBI system. For NBIs, the most important and difficult thing that should be overcome is heat removal capacity of heat loaded components for long-pulse beam extraction. In this article, the thermal state of the components of EAST NBI is investigated using water flow calorimetry and thermocouple temperatures. Results show that (1) operation parameters have an obvious influence on the heat deposited on the inner components of the beamline, (2) a suitable operation parameter can decrease the heat loading effectively and obtain longer beam pulse length, and (3) under the cooling water pressure of 0.25 MPa, the predicted maximum beam pulse length will be up to 260 s with 50 keV beam energy by a duty factor of 0.5. The results present that, in this regard, the EAST NBI-1 system has the ability of long-pulse beam injection.
Introduction
As one of the most effective methods for plasma heating, neutral beam injection (NBI) is used widely in numerous tokamak devices in the world and it has also been verified to be applicable for current drive [1] [2] [3] [4] [5] [6] . As the first full superconducting non-circular cross section tokomak in the world, Experimental Advanced Superconducting Tokamak (EAST) is used to explore the forefront of physics and engineering issues on the construction of a fusion reactor [7] [8] [9] . According to the research plan of the EAST physics experiment, two sets of NBIs have been built and put into operation since 2014. In the 2016 experimental campaign, a steady-state longpulse H-mode discharge with an ITER-like tungsten divertor lasting longer than one minute has been obtained [10] . In the next few years, EAST will initiate the study on the longer pulse H-mode plasma. In this case, EAST requests the NBI to obtain the ability of long-pulse injection. The optimum working point of the ion source is obtained through the operation parameter scan on NBI-1 in the 2017 experimental campaign. In this paper, the thermal states of EAST NBI during long-pulse beam extraction is shown and based on these data obtained from waterflow calorimetry and thermocouple system. The predicted pulse length is also given.
Optimal operation parameters
During long-pulse beam extraction, the pulse length is determined by the energy deposited on the components, once the temperature exceeds the pre-set threshold, the beam extraction will be terminated for protecting the inner components of NBI devices (see figure 1) . The thermocouples installed in the heat loading components are used to monitor the real-time temperature [11, 12] . For the beam channel of each ion source, three thermocouples, which have highest rise slope, are selected for assessing the optimal operation parameters (see figure 2) . The operation parameters are: accelerating voltage is 50 kV, the pulse length is 2 s, and the beam current of the left ion source (LIS) is varied from 20.9 A to 29.3 A and that of the right ion source (RIS) is varied from 20.5 A to 27.2 A. The perveance is supposed to vary accordingly. Figure 2 gives the measured temperature rise as a function of the perveance for the LIS and RIS of EAST NBI-1. Figure 2 shows that (1) the temperature of bending magnet inlet collimator increases with the perveance, (2) the temperature of the louver almost remains constant with the rise of perveance, (3) the temperature of bending magnet outlet collimator decreases first and then increases with the rise of perveance, and (4) the perveance corresponding with the minimum values are about 2.25 μP (LIS) and 2.05 μP (RIS). In order to identify the relationship between the temperature rise and divergence angle, the divergence angle of lengthwise direction (Y direction) changing with perveance is measured using the thermocouple installed in the calorimeter (see figure 3) . Figure 3 shows that the perveance corresponding with the minimum divergence angle are about 2.25 μP (LIS) and 2.04 μP (RIS). By comparing figures 2 and 3, we can find that the minimum temperature rise of the magnet outlets corresponds to the minimum beam divergence angle. When NBI works in the optimal operation condition, the beam profile and the beam divergence angle measured by the thermocouples installed in the calorimeter is shown in figure 4 . The optimal beam divergence angle of the LIS and RIS are (X: 0.63°, Y: 1.21°) and (X: 0.65°, Y: 1.30°), respectively. For these conditions, the beam power distribution on the heat loaded components measured by water flow calorimetry is given in figure 1 [13-15 ].
Experiments of long pulse beam extraction
In order to investigate the thermal states of the NBI device, a long pulse beam extraction experiment was carried out. The experiment parameters are listed in table 1. During beam extraction, each ion source works on its own optimum operation point (LIS:2.25 μP, RIS:2.04 μP). Considering the heat transfer ability of the calorimeter, the ion source works on modulating mode, duty cycle is set as 50% and the pulse length is set as 20 s. The waveform of EAST NBI-1 at the optimum operation point is shown in figure 5 . In this figure, the filament voltage (V fil ), filament current (I fil ), arc voltage (V arc ), arc current (I arc ), suppressor voltage (V sup ), accelerating voltage and beam current (I acc ) of NBI-1 left ion (1 L) and right ion (1 R) are given, respectively. It presents that filament power supply, arc power supply, accelerating power supply, vacuum system, control system and water cooling system can work stably and reliably. Figure 6 gives the temperature rise curve of cooling water for arc chamber (ARC), electron dump (ED) and grids (plasma grid (PG), gradient grid (GG), suppressor grid (SG) and exit grid (EG)). By extrapolation of the curves, it can be shown that the electrodes and ion source can satisfy the requirement of long-pulse beam extraction. The pulse length is determined by the thermocouples that have the highest rising slope. Therefore, for each ion source, three thermocouples with the highest rising slope are selected to assess the pulse length (see figure 7) . As the material of collimators is oxygen-free copper (surface softening temperature is 300°C) and the distance between the surface and mounting point of the TC is 9 mm, the threshold temperature is set as 200°C. Figure 8 gives the predicted temperature curve with curve fitting extrapolation according to data shown in figure 7 . Figure 8 shows that (1) when ion sources work on the optimum operation point, the safe operation pulse length is up to 260 s with 50 keV beam energy, 50% duty cycle under 0.2 MPa ion source cooling water pressure, 0.25 MPa beamline cooling water pressure and (2) the collimators of bending magnet, especially outlet collimators, become a constraint for long-pulse length beam injection. 
Conclusion
The selection of ion source operation point has a critical influence on the heat deposition on inner components of the beamline. In order to reduce the thermal load of inner components of the beamline, the ion sources should work on the optimum working condition (with the minimum divergence angle), especially for long-pulse beam extraction. The optimal working condition of each ion source is determined using operation parameters scans. For EAST NBI-1, the optimal perveances are 2.25 μP (LIS) and 2.04 μP (RIS). In this case, the beam profile, divergence angle and beam power distribution are given. Due to the limitation of the calorimeter, the long-pulse beam extraction experiment with a pulse length of 20 s is carried out on EAST NBI-1. In this experiment, six thermocouples (three per beam channel) with the highest rise slope were selected for assessing the ability of long-pulse operation. Based on the temperature curves of these thermocouples, the predicted pulse length is up to 260 s with 50 keV beam energy, 50% duct cycle, 0.25 MPa beamline cooling water pressure. The pulse length can be prolonged with the increase of cooling water pressure. Figure 8 . The predicted temperature curve of thermocouples with the highest rising slope.
